A derivative of Bacillus thuringiensis subsp. kurstaki HD1 (HD1-9) released transducing phage (TP21) from late exponential cultures. Three of seven markers tested were transduced into Bacillus cereus, but only two of these (cysC and trpB/F) were transduced at a frequency of more than 100 times the reversion rates. A limited transduction capacity was given further support in that few chromosomal markers were carried in the HD1-9 lysate, as demonstrated by Southern hybridization. Restriction fragments from the phage DNA and from total B. thuringiensis DNA hybridized to an insertion sequence (IS231-like) probe, which may provide a region of homology for transduction. All of the B. cereus transductants contained the phage as a 44-kb plasmid, and each could transduce both the cys and trp genes to other B. cereus auxotrophs, albeit at lower frequencies than those for the B. thuringiensis transducing phage. In some cases, especially for cys, the transduced gene was integrated into the chromosome of the recipient, whereas the trp gene in many cases appeared to be lost with curing of the 44-kb plasmid. In addition, some B. cereus transductants lost prototrophy but retained a 44-kb plasmid, consistent with the presence of TP21 helper phage. These phage may mediate the subsequent transduction from B. cereus prototrophs. TP21 replicates as a plasmid and, at least under the conditions studied, selectively transfers markers to B. cereus.
Most strains of Bacillus thuringiensis contain a number of plasmids of various sizes (3) ; to date the only plasmidencoded genes identified are those encoding protoxins (36) and possibly bacteriocins (14) . The vast majority of the plasmid coding capacity has no known function, although one small plasmid from B. thuringiensis subsp. thuringiensis contains an insertion sequence as a major component (17, 29) and a 64-kb plasmid from strain AF101 contains a phage genome (22) . Nevertheless, plasmid-cured strains still grow well in minimal media (3, 10) .
Some of the plasmids can be mobilized or are selfmobilized (10, 16) for transfer by cell mating to Bacillus cereus or to plasmid-cured derivatives of B. thuringiensis. Both large (>45-kb) and small (6-to 8-kb) plasmids have been transferred; the former include many that contain protoxin genes (16) . In addition, transfer of chromosomal genes by generalized transducing phage isolated from several subspecies has been reported (5, 18, 33) .
Partially plasmid-cured derivatives of B. thuringiensis subsp. kurstaki HD1 have been isolated (14a); one strain, HD1-9, transferred chromosomal markers to B. cereus at a higher frequency than could either its immediate parent (strain HD1-7) or the original isolate, HD1 (3) . Only a trp marker among five tested was transferred to B. cereus, and it was always accompanied by a 44-kb plasmid (2) . Subsequently, this plasmid was shown to be a transducing phage designated TP21 (33a) and was probably responsible for transfer of the trp gene. Since specialized transduction by an autonomously replicating prophage would be novel in Bacillus species, we studied the properties of this system more extensively. We report herein that transduction by TP21 appears to involve the mobilization of selected markers by different mechanisms. Furthermore, the fate of these genes in B. cereus appears to differ, leading to a model for this specialized transducing system. * Marker transfer procedures. Transfer of a B. thuringiensis subsp. kurstaki HD1-9 44-kb plasmid and its associated marker(s) was effected in three ways. Filter matings (conjugal) were performed as reported earlier (2, 26) . Transducing phage were prepared from the supernatants of 6.5-h cultures of donor cells in LB broth (end of exponential growth), centrifuged at 3,000 x g for 10 min, and then passed through sterile 0.45-,m-pore-size filters (6) . As empirically determined, the best results were obtained when 0.1 ml of this filtrate (ca. 108 PFU/ml with B. cereus 569 as the host) was (7) and purified by electroelution from 0.7% agarose gels. For phage DNA extraction (31) , transducing phage were purified by differential centrifugation (12) . Chromosomal DNA from lysed cells was spooled from cold ethanol onto a glass rod (31) and probably contained some contaminating plasmid DNA. Plasmid analysis. To screen cultures for plasmid content, isolated colonies were picked onto SCGY agar and incubated for 15 h at 30°C. Cell lysates were examined in 0.6% agarose gels (13; as modified in reference 15) or by pulsedfield gel electrophoresis (9) in 1.5% agarose.
Hybridization procedure. Either whole genome (chromosomal) or 44-kb plasmid DNA was digested with AvaI, EcoRI, or HindIlI. Digests were resolved in a 0.7% agarose gel, and the DNA fragments were transferred to nitrocellulose membranes for hybridization (35) . Probes were made to TP21 transducing phage DNA isolated as described above and to a 1.6-kb EcoRI-BamHI fragment of B. thuringiensis subsp. finitimus plasmid DNA. The 5' end of this fragment was 90% homologous to an internal portion of IS231 (30) for the 500 bp sequenced (3a) . Probe DNA was radiolabeled with [ot-32P]dCTP by the multiprime labeling procedure (kit and radionuclide from Amersham, Arlington Heights, Ill.).
Plasmid curing procedures. Mitomycin C, a DNA synthesis inhibitor that cross-links G-C base pairs (4) , was added at a concentration of 50 ng/ml to late-log-phase B. cereus Cys+ transductants and at 100 ng/ml to similarly aged B. cereus Trp+ transductants. After 18 h at 30°C, the cultures were plated onto G-tris agar plus streptomycin, and colonies were picked for examination of the plasmid profile as described above. Colonies were subcloned onto Bt agar plus streptomycin to check for reversion to auxotrophy, which may have accompanied the loss of the plasmid. Auxotrophs so identified were subsequently shown to be Cys-by their inability to grow on Bt agar unless supplemented with cysteine. Curing was also achieved by incubating B. cereus transductants in G-tris broth for 10 h at 42°C (3) and screening as described above. eThere was an 80-min preincubation before plating on selective media.
however, in 17% of these transformants the genes were unstable and were lost after five generations without selection.
Only some markers were transduced by a 44-kb plasmid from a B. thuringiensis subsp. kurstaki HD1 derivative. Supernatants of B. thuringiensis subsp. kurstaki HD1, two derivative strains (HD1-9 and its parent HD1-7) (Table 1) , and B. thuringiensis subsp. aizawai HD144 were tested for the ability to transfer genes to B. cereus auxotrophs. Markers were transferred only by supernatants from late-exponential cultures of B. thuringiensis subsp. kurstaki HD1-9, and only three of seven markers tested were transferred ( Table 2 ). The cysC marker was transferred somewhat more frequently than trpBIF, and a gua marker was transduced at a much lower frequency. Transfer of the other four markers was not detected, although in all cases the lysates were proficient for the transduction of the cys or trp marker. As indicated by agarose gel electrophoresis, all prototrophic transductants contained a 44-kb plasmid (data not shown), which is believed to be the replicating form of phage TP21 (33a) .
DNA from the 44-kb plasmids of B. thuringiensis subsp. kurstaki HD1-9 and B. cereus Cys+, Trp+, and Gua+ transductants was digested with BamHI or EcoRI (Fig. 1) . The dichotomy of band sizes between the B. thuringiensis donor plasmid (before packaging of TP21) and the plasmid actually transduced by TP21 to B. cereus auxotrophs (Fig. 1, arrows) presumably represents the 1 to 2 kb of B. thuringiensis chromosomal DNA mobilized by the 44-kb plasmid during formation of TP21 transducing phage particles.
The selective nature of the transduction was supported by the results of hybridization of a probe made to purified TP21 phage DNA with B. cereus 569 chromosomal DNA digested with either AvaI or EcoRI (Fig. 2) . Only a limited number of bands hybridized with the phage DNA, consistent with the greater abundance of these B. thuringiensis chromosomal genes in the transducing phage population. (It should be noted that the ca. 3-kb region of homology between the 44-kb plasmid and B. thuringiensis DNA [2] was not present in B. cereus DNA.)
B. cereus prototrophic transductants can transfer the 44-kb plasmid along with cys and trp genes. Both the cys and trp markers were transduced to B. cereus auxotrophs by supernatants from B. cereus transductants regardless of the marker originally introduced from B. thuringiensis (Table 3) . The frequencies were lower than those obtained with B. thuringiensis transducing phage ( Table 4 ) were obtained by heat curing, in addition to the parental class (class IV). In some cases, especially for Cys+ transductants, the plasmid was lost with retention of prototrophy (class I), in contrast to the results obtained by curing with mitomycin C. About one-third of the Trp+ transductants (class II) became auxotrophs when the plasmid was lost, implying a lower rate of integration of the trp marker than of the cys marker at 42°C. An unexpected group (class III) retained a (5, 18, 32, 33) , and there is certainly evidence for the presence of phage in B. thuringiensis, especially in sporulating cells (20, 22, 33 (27, 28, 34) .
One explanation for the specialized transduction by TP21 may be the existence of a region(s) of homology between the 44-kb plasmid and the B. thuringiensis chromosome as already reported (2, 10, 23, 24) . Furthermore, IS231-related sequences (Tn4430) have also been found close to protoxin genes in large B. thuringiensis plasmids (25) as well as in a small cryptic plasmid from B. thuringiensis subsp. thuringiensis (22) . Green et al. (17) reported that the ability of Bacillus anthracis to donate two of its small plasmids depended upon the transfer of Tn4430 from B. thuringiensis to the B. anthracis plasmids. Thus it appears as though homology, especially as mediated by Tn4430 transposition, may be a key element in the transfer of markers from B. thuringiensis donors.
Tn4430 transposition may be responsible for cys marker transfer from B. thuringiensis to B. cereus (Fig. 3) ; however, trp marker transfer appears to occur by another mechanism, perhaps by the less efficient process of homologous recombination (11) with one of several previously described regions of homology (2, 23, 24) . As indicated by restriction digest patterns (Fig. 1) , the 44-kb plasmid DNA from all B. cereus transductants seems to contain B. thuringiensis DNA; however, it is not known whether the cys and trp markers are both present on the same 44-kb DNA molecule. Although B. thuringiensis subsp. kurstaki HD1 may be able to produce more than one phage (35a), the DNA from crude lysate preparations of strain HD1-9 could not be resolved by pulsed-field gel electrophoresis, indicating that only one size of phage is produced. Nevertheless, differences in marker transfer frequency (Table 2 ) and changes in the ratios of these frequencies upon dilution of the B. thuringiensis lysate are consistent with a heterogeneous phage population. Moreover, if the linkage map of B. thuringiensis is similar to that of B. subtilis, it is unlikely that the cysC and trpBIF genes would be linked, and thus they could not be packaged on the same 2-kb DNA fragment by TP21. Therefore, it seems likely that, although TP21 is the only available vector, it can separately transduce at least two regions of the B. thuringiensis chromosome, although at somewhat different frequencies and probably by different mechanisms, thereby giving rise to a heterogeneous phage population. The greater frequency of cys transduction would be explained if it were mediated by Tn4430 excisional transposition, whereas trp may be relocated to TP21 only by the relatively inefficient process of homologous recombination between B. thuringiensis-encoded regions of homology near trpB/F.
The fate of these genes in B. cereus is also unusual. They apparently can either remain on the 44-kb plasmid or integrate into the chromosome (Table 4) . Our inability to isolate a B. cereus transducing lysate that is capable of highfrequency transduction suggests integration, but isolation of Cys-and Trp-auxotrophs upon mitomycin C or heat curing of the 44-kb plasmid argues that, in at least some cases, the transferred gene remains on the plasmid. The capacity of a particular B. cereus transductant to transduce both cys and trp genes indicates that the TP21 induction mechanism is intact after transfer. Perhaps the cotransfer of a helper phage allows either mobilization of the 44-kb plasmid containing a gene from the B. thuringiensis donor or induction and packaging of a gene from the B. cereus chromosome. The capacity of TP21 induced from B. cereus to transfer markers other than cys and trp was not tested.
The precise conditions for phage induction in the present study are not known, except that maximum transducing lysates were obtained from cell supernatants at the end of exponential growth. It is also not understood why transducing lysates were only obtained from B. thuringiensis subsp. kurstaki HD1-9 and not from its immediate parent (HD1-7) or the original B. thuringiensis subsp. kurstaki HD1, which differ only in the presence of additional plasmids (3) .
Specialized transducing phage can be useful for extensive mapping of a particular region of the B. thuringiensis chromosome and to complement mapping data obtained with generalized phage (5) . Once the basis for specialized transduction by TP21 is understood, it may be possible to exploit this mechanism to mobilize additional B. thuringiensis chromosomal genes or perhaps even genes on other plasmids (e.g., protoxin genes).
